The structure of the Cr(001)-p-(1ϫ1)-N surface was studied by use of the tensor low energy electron diffraction ͑LEED͒ current-voltage (I -V) analysis. From the LEED diffraction pattern observed in the process of cleaning of the Cr͑001͒ surface, N was found to form a (1ϫ1) structure on the Cr͑001͒ surface. Experimental I -V characteristic curves for the Cr(001)-p-(1ϫ1)-N structure were generated by Video LEED System and these experimental results were compared with that obtained through theoretical calculations via the TLEED program to analyze surface structure. As a result, we found that N is adsorbed in the hollow site on the Cr͑001͒ surface. The interlayer distances of d N1 , d 12 , and d 23 are found to be 0.251, 1.814, and 1.410 Å, respectively.
I. INTRODUCTION
It has been of interest to study the properties and structures of atoms adsorbed on a solid surface for the purpose of characterizing the reconstruction of solid surface, chemisorption sites, and the influence of adsorbate on the relaxation of top layers of substrate, which in turn helps in understanding the nature of chemical bonding between adsorbed atom and surface, and eventually a fundamental comprehension of the physical and chemical properties of surfaces.
However, it was very difficult to observe the atomic structure on the surface until the electron microscopy was developed. Even with the scanning tunneling microscopy ͑STM͒ technique developed in the 1980s, it was not easy to determine the exact locations of atoms because STM only supplies the electron density distribution and hence we need to obtain the information from the data.
The method of low energy electron diffraction ͑LEED͒ began to be actively used in 1960s with the development of the ultrahigh vacuum ͑UHV͒ technique and with the establishment of the experimental and theoretical basis for electron diffraction phenomena. This LEED technique gives information about the structure and local environment of the adsorbed atom based upon the data of diffraction pattern and the current-voltage (I -V) characteristic curve. The diffraction pattern is generated by irradiating the diffracted beam on the surface to the fluorescent LEED screen, and by varying the incident electron energy, and the I -V characteristic curve, which exhibits the dependence of diffraction pattern on the incident energy, can also be obtained. This technique can reveal the atomic structure near surface by analyzing the I -V characteristic curve. This can be done by comparing the experimentally measured I -V characteristic curve with that obtained from theoretical calculation for the proposed surface structures. This dynamic LEED has been widely used as a fundamental method to identify the atomic structure of surface and adsorbate layer. However, determination of surface structure by the dynamic LEED technique has two limitations. The first problem is the time required to carry out a calculation of LEED intensity spectra for a given surface structure. The second limitation is on the algorithm of determining a surface structure in the LEED technique, which is a conventional trialand-error method. This method employs a method of comparing of the experimental intensity spectra to the results of LEED calculations for a series of trial structures. Usually, the trial structure which shows a minimum value in the R factor analysis is regarded as an optimum surface structure. In recording the I -V curve, a spot photometer, and Faraday cup were used before late 1970s, but since then a video LEED system, which is a combined unit of video camera and a computer, is being widely used. The video LEED system has advantages such as being easy to use and also being fast in data acquisition. [2] [3] [4] 16 In this study, we employed a combined way of Tensor LEED in theoretical calculations and video LEED technique in taking experimental data. Tensor LEED is a perturbative approach to the calculation of LEED intensities. [5] [6] [7] [8] [9] [10] [11] [12] Therefore, we recorded an experimental I -V characteristic curve by using the video LEED system and comparing that with theoretical calculations obtained from the Tensor LEED ͑TLEED͒ program. We proposed an optimum atomic structure of N adsorbed on the Cr͑001͒ surface.
II. EXPERIMENT
Experiments were carried out in a standard stainless steel UHV chamber ͑VSW͒ equipped with rear type four-grid LEED optics which also functioned as an Auger spectrometer, ultraviolet photoelectron spectroscopy ͑UPS͒, and sputter ion gun. A schematic diagram of the UHV chamber used in experiments is shown in Fig. 1 . The base pressure in the UHV system was maintained to be less than 3.0 ϫ10 Ϫ10 mbar. The sample surface was cleaned by repeated cycles of Ar ϩ ion bombardment and annealing at 1100 K. This treatment was necessitated by the need to remove bulk sulfur and oxygen impurities. After many such cycles, the surface was estimated to be free of contamination by UPS and LEED. The sample was heated by the e-beam heating method and the temperature was measured by an infrared pyrometer.
The LEED pattern was observed after nitrogen segregated to the surface and formed a (1ϫ1) overlayer which was very reproducible. Since the Cr͑001͒ surface is very reactive, LEED data were taken as quickly as possible using a sensitive charge coupled device ͑CCD͒ camera, interfaced to an image grabber/processing card, in order to record the intensity of the fluorescent LEED screen. The LEED screen images were rapidly transferred to a video tape for later analysis, resulting in a total data collection time of less than 10 min. The schematic diagram of the video LEED system used in taking data is shown in Fig. 2 .
The UPS spectrum was obtained by a concentric hemispherical analyzer ͑CHA͒, with an overall instrumental resolution of about 0.2 eV. He I͑21.2 eV͒ was used as an UV light source.
III. STRUCTURAL ANALYSIS
In order to generate an experimental LEED I -V curve, the intensities of diffracted LEED spots need to be known accurately. In most of the LEED optics, electron beams are sputtered on the fluorescent screen and all of the diffraction pattern is displayed on it. The lightness of LEED spots appearing on the screen is proportional to the intensities of the sputtering electron beam.
Recently, a CCD camera with high sensitivity and high resolution has been developed with the aid of electronics, which saves the data of the diffraction pattern displayed on the screen to the computer. As is shown in Fig. 2 , this video LEED system consists of a frame grabber and a CCD camera, which digitizes analog images taken from the CCD camera and software ͑VX-LEED͒, 4 which serves to grab and record the LEED images and take the intensities of diffraction spots. TLEED calculation is performed by commonly used software. [5] [6] [7] [8] [9] [10] [11] [12] In this study, we produced experimental I -V characteristic curves with incident energies of 40-240 eV spaced by 2 eV and also calculated the theoretical data by using the TLEED program. The experimental data were then compared with the theoretical calculations by the Pendry R factor, which is a statistical correlation factor, to extract the optimum surface structure. The electron wave functions used for the calculations of the scattering of atoms and electrons include the state of angular momentum quantum number up to 6.
IV. RESULTS AND DISCUSSIONS
The UPS spectrum taken for the Nitrogen adsorbed on the Cr͑001͒ surface is shown in Fig. 3 . The peak which appeared 
Ϫ2.7 eV below Fermi level (E F
is considered as a contribution of 3d electrons of Cr, while the broad one around 6-8 eV below E F is assumed to be due to 2 p electrons of N, which reveals that nitrogen in the bulk has been segregated and formed nitrides on the surface. 13 This interpretation was consistent with the following LEED results.
We recorded the LEED patterns for Cr(001)-p-(1 ϫ1)-N with various incident electron energies, which are displayed in Fig. 4 . By varing the incident electron energies, we observed that only the relative intensities of diffracted beam in the LEED pattern changes, while the shape of the LEED pattern is retained as that of bcc͑001͒, which tells us that N forms 1ϫ1 structure on the Cr͑001͒ surface. 14 Figure 5 shows the experimentally obtained LEED I -V curve of the various spots for Cr(001)-p-(1ϫ1)-N structure. Under ideal conditions, a very good agreement is obtained for symmetrically equivalent LEED beams, for example, ͑1,0͒, ͑0,1͒, (Ϫ1,0), (0,Ϫ1) and ͑1,1͒, (1,Ϫ1), (Ϫ1,1), (Ϫ1,Ϫ1) for the Cr͑001͒ surface perpendicular to the incident electron beam. However, it does not happen in a real experiment owing to several imperfections such as the deviation from surface normal with respect to incident beam, the terrestrial magnetism, and the inhomogeneity of the LEED screen, etc. In this experiment, we were able to obtain a LEED I -V curve of reasonably good symmetry. Normally, the LEED intensities for these equivalent beams are averaged in analysis. Figure 6 illustrates the reference structure of Cr(001)-p-(1ϫ1)-N used in TLEED calculations. The tensor LEED program used in this study performs a theoretical calculation of I -V curves for the reference and transformed structures and optimizes it by a comparison with experimental results. Therefore, it is important to start with a wellselected reference structure in the optimization. In more detail, the TLEED program refines to calculate only for the structures which are transformed within 4 Å range from the reference structure. Consequently, this calculation result provides only local best-fit structure and hence global best-fit structure needs to be found through further calculations for the various probable reference structures. In addition, if the resulting optimum structure deviates larger than 0.2 Å, which is the approximation limit we used in the calculation, we cannot rely on the result and need to start the calculation over with a different reference structure. As was mentioned earlier, it is necessary to work for the various possible structures to get a reliable result. 15 In Fig. 7 , the results of the Pendry R factor analysis are shown for the various reference structures as the varying d N1 parameter, which is the interlayer distance between adsorbed nitrogen and the first layer of chromium. The bridge site, top site, and hollow site shown in the figure denote the same positions displayed in Fig. 6 . In the case of the hollow site, the R factor has a minimum value of 0.2105 at d N1 of 0.22 Å. The calculated I -V characteristic curves for ͑1,0͒ and ͑1,1͒ LEED spots are compared with experimental data and shown in Fig. 8 . From the results, we know that the nitrogen in bulk was segregated to the Cr͑001͒ surface and located in the fourfold hollow site.
Both of the parameters of the reference structure for the analysis of the I -V characteristic curve and resulting optimum structure are listed in Table I. The table shows Based upon the overall result of TLEED analysis, the optimum structure of N adsorbed at the hollow site of the Cr͑001͒ surface is shown in Fig. 9 with interlayer distances of d N1 , d 12 , and d 23 of 0.251, 1.814, and 1.410 Å, respectively.
V. CONCLUSION
From the LEED diffraction pattern observed for the Cr͑001͒/N system, we found that nitrogen forms 1ϫ1 structure on the Cr͑001͒ surface. We also measured the experimental LEED I -V curve for the Cr(001)-p-(1ϫ1)-N surface by the video LEED system and compared this experimental data with theoretical calculations obtained by using the TLEED program. The optimum structure with the minimum R factor value of 0.2105 corresponds to the structure of N adsorbed at the hollow site with the spacing of d N1 (0.251 Å), d 12 
